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ABSTRACT

The cell surface proteins of human alveolar macrophages obtained
from nonsmokers have been compared to those of alveolar macrophages
obtained from smokers. Proteins of nonsmokers1 alveolar macrophages
surface labeled with '"I differed from those of smokers' alveolar mac
rophages, as shown by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis. Three major radiolabeled proteins with molecular weights
of 183,000, 80,000, and 30,000 were identified in fresh smokers' cells.
The major radiolabeled protein of nonsmokers1 macrophages had an
apparent molecular weight of -183,000. Affinity chromatography sug
gested the V/r 183,000 protein is a mannose receptor. In contrast, the
molecular weight of the major radiolabeled protein of smokers1 alveolar

macrophages was ~30,000; the M, 183,000 protein was less prominent.
When nonsmokers1 alveolar macrophages were cultured in vitro before
'"I labeling, the cell surface protein pattern changed to resemble that of
smokers1 alveolar macrophages; the M, 183,000 protein could no longer

be detected on the cell surface, whereas a M, 80,000 protein was increased
in quantity and a new M, 30,000 protein was detected. Nonadherent
macrophages showed similar changes in their surface-labeled proteins
but also contained a new prominently labeled M, 70,000 protein. Limited
proteolysis peptide mapping with five different enzymes did not reveal
any evidence of homology among the \t, 183,000, 80,000, 70,000, and
30,000 proteins. The differences in cell surface protein composition
between alveolar macrophages of smokers and nonsmokers may reflect
their functional capabilities or their state of "activation" and may be

mechanistically important in the development of various pulmonary dis
eases seen in smokers including cancer. These results also demonstrate
that major changes in the surface proteins of the human alveolar mac
rophage plasma membrane can occur rapidly following manipulation.

INTRODUCTION

The alveolar macrophage plays a key role in defending the
lung against irritants, inhaled paniculate matter, and microbial
invaders (1-4). In addition, alterations in alveolar macrophage
physiology have been postulated to produce lung injury in the
pathogenesis of some pulmonary disease processes (1, 2,4-11).
Because cigarette smokers are predisposed to the development
of a variety of pulmonary diseases including lung cancer, many
studies have been performed to assess the differences between
alveolar macrophages of smokers and those of nonsmokers,
including analysis of morphology, functional behavior, and
physiological parameters (1, 2, 4-10, 12-19). Smokers' mac

rophages are larger, contain more lysosomes, have a higher rate
of glucose utilization, consume more O2, release more O2~ and
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H2O2, exhibit greater chemotactic migration, and contain
greater quantities of lysosomal enzymes than nonsmokers1 cells

(1, 6, 10, 14, 15, 18, 19). Thus, alveolar macrophages of
smokers appear to exist in a more highly active state than those
of nonsmokers. Similar studies have concluded that cultured
alveolar macrophages attain greater levels of activity than
freshly obtained cells, as judged from a number of morpholog
ical and physiological criteria (3, 20).

Glycoproteins of the plasma membrane are believed to be
important in many macrophage functions. We therefore ques
tioned whether differences could be detected in the surface
protein composition of alveolar macrophages obtained from
smokers compared with cells obtained from nonsmokers. Mem
brane proteins of alveolar macrophages lavaged from smokers
and nonsmokers were selectively labeled at the cell surface with
I25I using lactoperoxidase and analyzed by SDS-PAGE.3

Marked differences were observed in the patterns of radiola
beled proteins of smoker's alveolar macrophages as compared

with those from nonsmokers.
Macrophages have been studied in a variety of functional

states that depend upon the in vivo environment from which
they are obtained, the methods used to collect them, and the in
vitro environment in which they are maintained prior to study
(20-27). Culturing alveolar macrophages in vitro induces struc
tural and functional changes in the cells resembling those seen
with macrophage activation (3, 20, 28). Since studies of these
cells often involve in vitro culture or an adherence step, we also
analyzed the changes in 125I-labeled surface glycoproteins that

occur during culture in vitro. Marked differences were observed
in the distribution of labeled proteins from fresh and cultured
alveolar macrophages. One major surface-labeled protein with
a molecular weight of 183,000 disappeared with culture in vitro;
affinity chromatography and immunoprecipitation suggested
that this protein may be the mannose receptor. Alveolar mac
rophages from both smokers and nonsmokers developed similar
changes in their surface proteins following //; vitro culture as
assessed by these techniques. The pattern of surface-labeled
proteins of alveolar macrophages from smokers resembled the
pattern obtained from nonsmokers' macrophages "activated"

by in vitro culture.

MATERIALS AND METHODS

Recoveryand Preparation of Human AlveolarMacrophages. Alveolar
macrophages were obtained by bronchoscopic sterile saline lavage of
the lingula of the left lung or the right middle lobe of healthy non
smoking and smoking (minimum one-pack-per-day smokers) volun
teers. Volumes of lavage fluid instilled and returned were comparable
in each subject. Recovered cells were separated from lavage fluid by
centrifugation at 400 x g for 10 min at 23Â°C,washed three times with

3The abbreviations used are: SDS-PAGE, sodium dodecyl sulfate-polyacryl
amide gel electrophoresis; PBS, phosphate-bulTered saline, pH 7.4; DFP, diiso-
propylfluorophosphate; HBSS, Hanks' balanced salt solution, pH 7.4; SDS,

sodium dodecyl sulfate; PMSF, phenylmethylsulfonyl fluoride; solubilization
buffer, 20 mM Tris-HCI (pH 7.6), 150 min NaCl, 0.5% Nonidet P-40, 0.02%
NaNj, and 2 mM PMSF; TES buffer, 125 mM Tris-HCI (pH 6.8), 0.1% SDS,
and I mM EDTA.
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PBS (pH 7.4), and resuspended in PBS. Cells were characterized by
staining cytospin slide preparations with Wright's stain or nonspecific
esterase stain counterstained with Mayer's hematoxylin (29). Viability

was assessed by exclusion of 0.05% trypan blue.
Bronchoalveolar lavage yielded 5.6 Â±2.8 (SD) x IO7cells from each

smoker and 1.2 Â±1.2 x IO7 cells from each nonsmoker. Differential
counts of esterase-stained slides revealed >95% esterase-positive cells
from each smoker and >94% esterase-positive cells from each non-
smoker. Examination of Wright's-stained slides confirmed that >95%

of the cells were alveolar macrophages. Viability of alveolar macro
phages assessed by trypan blue exclusion was >90%.

Cell Culture. Washed alveolar macrophages were grown in 75-cm2

T-flasks (Corning, Corning, NY) in RPMI medium (Gibco, Grand
Island, NY) with 10% heat-inactivated fetal bovine serum (Gibco),
penicillin G (50 units/ml) (Gibco), and streptomycin (50 Mg/ml) (Gibco)
at a concentration of 2.5-5 x 10* cells/ml at 37Â°Cin 5% CO2. After

culturing for various periods of time as indicated, nonadherent cells
were removed and the flasks were washed twice with 15 ml of PBS at
23Â°C.Cells present in the PBS wash were added to the nonadherent

cell preparation. Cells remaining adherent to the flask after the second
PBS wash were incubated for 10 min at 23Â°Cwith 20 ml of PBS

containing 10 HIM EDTA and then dislodged gently with a rubber
policeman. The dislodged adherent cells were collected, and the re
maining cells were collected by washing the flask twice with 15 ml of
PBS. Adherent and nonadherent cells were centrifuged at 400 x g for
10 min at 23*C to collect the cells and then washed three times in PBS
at 23Â°C.All steps were carried out in polypropylene tubes unless

otherwise indicated.
Human RBC and neutrophils were prepared from heparinized (2

units/ml) human venous blood by a previously described modification
of the method of Boyum (30-32).

I25l-Radiolabeling. Alveolar macrophages obtained from fresh lavage
effluent or after culture in vitro were surface-labeled with I25Iby two
different techniques. In the first technique (32), 1-2 x IO7 cells were

suspended in 2 ml of PBS on ice and 10 units of lactoperoxidase (Sigma
Chemical Co., St. Louis, MO) in PBS, 1 mCi of Na'"I (carrier-free,

100 mCi/ml; Amersham, Arlington Heights, IL), and 20 p\ of 0.06%
H2O2 were added. After 5 min, an additional 20 pi of 0.06% H2O2were
added and the reaction was terminated 5 min later by washing twice
with 15 ml of PBS. All steps were carried out at 0-4Â°C.Alternatively,
1-2 x IO7 cells were suspended in 1 ml of PBS containing 20 mM

glucose and 0.2 unit of lactoperoxidase (33). Glucose oxidase (0.02
unit) (Sigma) and Na'25I (1 mCi) were then added. After 25 min the

reaction was terminated by washing twice with PBS. All steps were
carried out at 0-4Â°C.Normal human neutrophils and RBC were also

radiolabeled by these methods.
Prior to some of the labeling procedures, washed cells were treated

with DFP (Sigma) as described (32, 34); briefly, 1-8 x IO7cells were

suspended in 10 ml of PBS on ice and DFP to 5 mM was added. After
10 min, the cells were washed twice with 50 ml of PBS at 0Â°and then

labeled as described above. All reactions were performed in a fume
hood and all articles contacting DFP were washed with 5 M NaOH
before removal from the hood. Unless otherwise indicated, cells not
treated with DFP prior to labeling were so treated prior to solubilization
but were washed only once. Human RBC and neutrophils were also
radiolabeled as described above.

Release of I25l-labeled Cell Surface Proteins. In some cases after I25I
surface labeling, washed alveolar macrophages (1-2 x 10') were sus

pended in 1.0 ml of HBSS, pH 7.4 (Gibco) in polypropylene tubes and
incubated for 30 min at 37"C. After incubation, the cells were collected
by centrifugation at 400 x g for 10 min at 4"C. The resulting cell pellets

were solubili/ed as described below, while the supernatants were then
centrifuged at 100,000 x g for l h at 4Â°Cbefore analysis. Duplicate

experiments were performed in which the labeled cells were incubated
in PBS rather than HBSS.

|3H]DFP Affinity Labeling. Affinity labeling of serine esterases with
[3H]DFP was performed as described (35, 36), with minor modifica
tions. Briefly, 25 pCi of [1,3-3H]DFP (specific activity, 4.0 Ci/mmol;
New England Nuclear, Boston, MA) were mixed with 1.5 x IO6 cells
in 300 ^1 of PBS in an Eppendorf tube and incubated at 37'C for 30

min with occasional shaking. The reaction was terminated by centrif
ugation at 13,000 x g for 5 min at 23Â°Cand the supernatant was

removed. The cell pellet and supernatant were analyzed separately, as
described below, except that gels were impregnated with 3H-Enhance
(New England Nuclear) before drying. In some cases cells were solubi-
lized prior to [3H]DFP labeling as described (36). Briefly, 4x10' cells

were suspended in 0.6 ml of a buffer containing 20 mM Tris-HCl (pH
7.6), 150 mM NaCl, 0.5% Nonidet P-40. and 0.02% NaN3, and incu
bated for 20 min at O'C. The suspension was then centrifuged at 13,000
x g for 15 min at 4Â°Cand the supernatant ("extract") was collected for
labeling. Twenty-five pCi [1,3-3H]DFP were added to 300 M>of cell
extract containing 2 x IO6 cell equivalents and incubated at 37Â°Cfor

30 min. The reaction was terminated by adding Tris-HCl, pH 8.1, to a
final concentration of 15 mM and SDS to a final concentration of
0.1%. Radiolabeled proteins were recovered by cold acetone precipita
tion and analyzed as described below.

Polyacrylamide Gel Electrophoresis and Autoradiography. Alveolar
macrophages [1-2 x IO7]labeled with I2'I and treated with DFP were

suspended in 1.0 ml of cell solubilization buffer [20 mM Tris-HCl (pH
7.6), 150 mM NaCl, 0.5% Nonidet P-40, 0.02% NaN3, and 2 mM
PMSF], and incubated on ice for l h (32). The suspensions were then
frozen at -70*C, thawed, and centrifuged at 100,000 x g for l h at
4Â°C.The resulting supernatants and supernatants from the HBSS and

PBS incubations were mixed with an equal volume of twice-concen
trated Laemmli sample buffer [125 mM Tris-HCl (pH 6.8), 4% SDS,
20% glycerol, 10% 2-mercaptoethanol, and 0.002% bromophenol
blue], incubated at 100'C for 2 min, and analyzed by SDS-PAGE (37).

Molecular weight standards were purchased from Sigma. Gel slabs were
stained, dried, and examined by autoradiography using Kodak X-Omat
XAR-5 film.

Immunoprecipitation. Radiolabeled cell proteins were Â¡mmunoprecip-
itated and analyzed by SDS-PAGE and autoradiography, as described
previously (32). Goat anti-human factor B, goat anti-human C3 (/3|A/
/3,C), and sheep anti-human C2 were obtained from Miles Laboratories
(Elkhart, IN). Rabbit anti-human fibronectin was purchased from BRL
(Bethesda, MD). Rabbit antiserum to the human mannose-binding
protein, mannose immobilized on Sepharose (mannose-Sepharose), and
rabbit anti-human urokinase were gifts of Dr. Virginia Shepherd,
University of Tennessee, Memphis, TN. Rabbit antiserum to human
collagenase inhibitor was a gift of Dr. George Strickland, University of
Tennessee). Rabbit anti-human neutrophil elastase was a gift of Dr.
Phillip J. Stone, Boston University Medical School, Boston, MA.
Affinity chromatography with mannose-Sepharose was performed as
described with minor modifications (38) by incubating a 35-^1 pellet of
mannose-Sepharose beads with 80 ;J of solubilized radiolabeled cell
proteins in solubilization buffer and 80 //I of a buffer containing 100
mM CaCl2, 150 mM NaCl, and 20 mM Tris-HCl, pH 7.6, overnight at
4Â°C.The mannose-Sepharose was then washed 4 times with 1 ml of a

buffer consisting of 150 mM NaCl, 50 mM CaCl2, 20 mM Tris-HCl (pH
7.6), and 0.2% Triton X-100 at 4Â°C.Proteins bound to the mannose-

Sepharose were suspended in sample buffer and analyzed by SDS-
PAGE and autoradiography as described above.

Peptide Mapping. One-dimensional peptide mapping by limited pro-
teolysis was performed as described by Cleveland (39). Radiolabeled
proteins from cells labeled with 125Iat the cell surface using lactoper

oxidase were separated by electrophoresis in 10% polyacrylamide gels
as described above. The gels were stained, destained, dried, and auto-
radiographed as described above, and the I25l-labeledproteins of interest
were cut out and soaked for 30 min at 23Â°Cin 1 ml of TES buffer.

Each gel slice was then placed in the bottom of a well in a 3-cm stacking
gel on a 15% polyacrylamide gel. Gel slices were overlaid first with 15
n\ of TES buffer containing 20% glycerol and then with 20 pi of TES
buffer containing 10% glycerol and the indicated amount of protease.
The gels were electrophoresed at 30 mA until the tracking dye was 2
mm from the top of the resolving gel, and the current was then turned
off for 30 min. Electrophoresis was then continued at 35 mA in the
usual manner and the gels were stained, destained in destain containing
5% glycerol, dried, and autoradiographed as described above. Type
XVII Staphylococcus aureus V8 protease, type III elastase, type IV
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papain, type VII tosyl lysylchloromethyl ketone-treated chymotrypsin, "Materials and Methods," with or without pretreatment with
and type XIH-treated trypsin were obtained from Sigma.

RESULTS

Analysis of Surface-labeled Polypeptides. The plasma mem
brane polypeptides of freshly lavaged smokers' alveolar mac

rophages selectively labeled at the cell surface using lactoper-
oxidase were resolved into three major components with ap
parent molecular weights of 183,000 Â±3,000, 80,000 Â±3,000,
and 30,000 Â±2,000 by SDS-PAGE (Fig. 1, Lane A). The
electrophoretic mobility of these proteins was similar under
reducing and nonreducing conditions (data not shown). A num
ber of other radiolabeled proteins of a much lower intensity
were also seen; however, the intensity of these proteins varied
in different samples,. Similar results were obtained when cells
were iodinated by either I25l-labeling technique as described in

B

CO
'O

200-
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97.4-

66-

45-

29-

Fig. 1. Polyacrylamide gel clectrophoresis of '"I-labeled cell surface proteins
of human alveolar macrophages from smokers. Freshly lavaged alveolar macro
phages were radiolabeled and then solubilized either immediately or after incu
bation, analyzed by electrophoresis in a 10% polyacrylamide gel under reducing
conditions, and visualized by autoradiography as described in the text. In Lane
A. freshly lavaged radiolabeled cells (10s) solubilized immediately after radiola-
beling. Radiolabeled cells (10') were also incubated in HBSS in polypropylene
tubes for 30 min at 37'C and separated into cellular (Lane B) and supernatant

(Lane C) fractions by centrifugation prior to solubilization and electrophoresis
as described in the text. Three separate experiments gave similar results, and
similar results were obtained when radiolabeled cells were incubated in PBS.
Proteins used as molecular weight standards were: myosin heavy chain, 200,000;
Escherichia coli /i-galactosidase, 116,000: phosphorylase b, 97,400; bovine serum
albumin. 66.000: ovalbumin. 45.000; and carbonic anhydrase, 29.000.

DFP prior to surface labeling. Labeling by either technique,
with or without DFP treatment, resulted in less than a 10%
loss of viability as assessed by trypan blue exclusion. Surface-
labeled human RBC and neutrophils were also prepared and
analyzed by SDS-PAGE and autoradiography by techniques
identical to those used with alveolar macrophages. No radiola
beled proteins from RBC or neutrophils comigrated with the
major labeled proteins of alveolar macrophages (data not
shown), thus eliminating contamination with these cells as a
possible confounding factor.

Release of Surface-labeled Polypeptides during Incubation.
Alveolar macrophages labeled at the cell surface with I25Iunder

went changes in the composition of their radiolabeled proteins
during incubation in HBSS for 30 min at 37Â°Cas detected by

SDS-PAGE (Fig. 1). Much of the M, 80,000 and M, 30,000
1"I-labeled polypeptides were released into the surrounding
serum-free medium during incubation (Fig. I, Lane C). In some
cases, as shown here, detectable quantities of the M, 183,000
protein were also released into the supernatant; however, this
was not always observed. The appearance of the M, 80,000 and
30,000 proteins in the incubation supernatant was accompanied
by a concomitant decrease in the relative intensity of these
radiolabeled bands in the incubated cells (Fig. 1, Lane B).
Identical changes occurred when surface-labeled macrophages
were incubated in calcium- and magnesium-free PBS (data not
shown). Relabeling of the cells after the 30-min incubation
demonstrated that additional M, 80,000 and 30,000 polypep
tides were accessible for labeling on the cell surface; identical
results were obtained whether the cells were incubated in PBS
or HBSS (data not shown). Cell viability was unchanged by the
30-min incubation as assessed by exclusion of trypan blue.

Changes in Membrane Composition with in Vitro Culture.
Surface labeling of smokers' alveolar macrophages maintained

for longer times in culture revealed marked changes in the
polypeptides susceptible to iodination. Adherent and nonad-
herent cells were collected and analyzed separately. Changes in
surface proteins were similar in both adherent and nonadherent
cells except for the appearance of a new radiolabeled protein
on nonadherent cells. Adherent cells cultured for 2 days showed
an increase in intensity of the M, 80,000 protein with loss of
the M, 183,000 protein (Fig. 2, Lane B) when compared with
freshly lavaged alveolar macrophages (Fig. 2, Lane A). These
changes were more prominent following 10 days of culture (Fig.
2, Lane C). To assess how rapidly such changes in the mem
brane could occur, freshly lavaged alveolar macrophages in PBS
were placed in 75-cm2 T-flasks and incubated at 37Â°Cfor

varying periods of time. The adherent cells were removed,
labeled with I25I, and analyzed as described above. Adherent

cells maintained in vitro for as little as 30 min showed signifi
cant loss of the M, 183,000 protein. Changes in the M, 80,000
and 30,000 proteins required longer periods of time in culture
(data not shown).

After 3 days in culture, adherent and nonadherent cells both
showed increased labeling of the M, 80,000 polypeptide with
loss of the M, 183,000 protein (Fig. 3, Lanes A and D). Inter
estingly, the nonadherent cells contained an additional surface-
labeled polypeptide with a molecular weight of 70,000 Â±4,000
(n = 3). Adherent cells comprised approximately 80% of the
total cell population, and were >85% viable by trypan blue
exclusion; nonadherent cells were >90% viable. No difference
was found in the esterase staining between adherent or nonad
herent cells. In most of these studies macrophages were cultured
immediately after preparation and not disturbed until they were
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Fig. 2. l'iilVUT\ burnii- gel electrophoresis of '"I-labeled cell surface proteins
of fresh and adherent cultured human alveolar macrophages. Alveolar macro
phages from smokers were radiolabeled immediately after preparation or after
various lengths of time in culture as described in the text. The cell extracts were
analyzed by electrophoresis in a 10% polyacrylamide gel under reducing condi
tions and visualized by autoradiography as described in the text. Approximately
10' radiolabeled cells were applied to each lane. Lane A, freshly lavaged cells:
Lane B. cells cultured for 2 days; Lane C, cells cultured for 10 days. Five separate
experiments gave similar results. Molecular weight standards were the same as
in Fig. I.

harvested. To further confirm that the nonadherent cells were
macrophages, fresh cells were cultured for 3 h and the nonad
herent cells were then removed by washing with culture medium
and discarded. New medium was added and the cells were
cultured for 3 days prior to analysis. Identical results were
obtained when nonadherent cells from these cultures were
studied.

Cells cultured for 3 days showed a release of surface-labeled
proteins similar to that of freshly harvested cells. When cultured
cells were surface labeled with '"!, both adherent and nonad

herent macrophages, like freshly lavaged cells, released the
radiolabeled M, 80,000 and M, 30,000 polypeptides into the
medium during incubation for 30 min at 37Â°Cin PBS (Fig. 3,

Lanes C and F) or HBSS (data not shown). The additional

A B C D E F

200-

66-

45-

I

29-

Fig. 3. Polyacrylamide gel electrophoresis of '"l-labeled cell surface proteins

of adherent and nonadherent cultured human alveolar macrophages. Alveolar
macrophages from smokers were cultured for 3 days and separated into adherent
(Lanes A-C) and nonadherent (Lanes D-F) fractions as described in the text.
These cells were radiolabeled at the cell surface with 'â€¢"!and analyzed by

electrophoresis under reducing conditions in a 10% polyacrylamide gel and
autoradiography as described in the text. Adherent (Lane A) and nonadherent
(Lane D) cells (2 X 10s) were solubilized for electrophoresis immediately after
radiolabeling. Some radiolabeled cells (2 x 10') were incubated in PBS at 37'C

for 30 min and separated into cellular (Lanes B and / ) and supernatant (LanesC and /â€¢')fractions by centrifugation prior to solubilization and electrophoresis as

described in the text. Lane B, adherent incubated cells; Lane C, supernatant from
incubated adherent cells; Lane E, nonadherent incubated cells; Lane F, superna
tant from incubated nonadherent cells. Three separate experiments gave similar
results. Molecular weight standards were the same as in Fig. 1.

surface-labeled M, 70,000 polypeptide present on nonadherent
cells was also released (Fig. 3, Lanes E and F).

Affinity Labeling of Serine Esterases with [3H|DFP. Macro

phages are known to contain a myriad of proteases (40). In
addition macrophages are known to internalize neutrophil elas-
tase (which has a molecular weight of ~30,000) via a surface
receptor for neutrophil serine proteases (41). A surface protein
on activated T-lymphocytes has recently been identified as a
serine esterase using affinity labeling with [3H]DFP (36). We

used this technique to determine whether any of the alveolar
3075

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/12/3072/2427823/cr0470123072.pdf by guest on 19 M

ay 2023



SMOKING-INDUCED CHANGES IN MACROPHAGE SURFACE PROTEINS

A B C D E F GA B C D

200-

97.4-

45-

29-*

200-

116-
97.4 -

co 66
'o

45 -

29-

Fig. S. ImmunoprecÃpitation of '"I-labeled cell surface proteins of human
alveolar macrophages. Freshly lavaged smokers' alveolar macrophages were ra-

diolabeled, solubili/tei, immunoprecipitated by various antisera as indicated,
analyzed by electrophoresis in a 10% polyacrylamide gel. and visualized by
autoradiography as described in the text. Approximately 10' cpm of acid-insoluble
'"I-labeled cell extract (Lane A) was used for each immunoprecipitation reaction
(Lanes B-G). Lane A, soluble 12!I-labeledcell surface proteins of alveolar macro

phages; Lane B, normal rabbit serum; Lane C, anticollagenase inhibitor; Lane D,
anti-mannose-binding protein; Lane E, anti-human factor B; Lane F, anti-human
neutrophil elastase; Lane G, anti-human C2. Molecular weight markers were the
same as in Fig. 1.

Fig. 4. Polyacrylamide gel electrophoresis of proteins of fresh and cultured
human alveolar macrophages affinity-labeled with | 'I I|I)IT. Alveolar macro
phages from smokers were radiolabeled with [3H]DFP immediately after prepa
ration or after culturing for 3 days and then analyzed by SDS-PAGE under
reducing conditions in a 10% polyacrylamide gel and autoradiography as described
in the text. Cultured cells were separated into adherent and nonadherent fractions
before radiolabeling. Lane A, fresh cells; Lane B, supernatant from radiolabeling
reaction with fresh cells; Lane C, adherent cells; Lane D. nonadherent cells. Three
separate experiments gave similar results. Molecular weight standards were the
same as in Fig. 1.

macrophage surface proteins we identified by surface iodination
had serine esterase activity. Several proteins were radiolabeled
when live alveolar macrophages were incubated with [3H]DFP
at 37Â°C,including two with molecular weights of approximately

28,000-32,000 (Fig. 4, Lane A). Due to the lack of a probe for
the I25l-labeled M, 30,000 protein we were unable to determine
its relationship to the M, 30,000 protein radiolabeled by [3H]-
DFP. A small percentage of the A/r 62,000 major 3H-labeled

protein was present in the supernatant of the reaction mixture
(Fig. 4, Lane B). Longer exposure of the autoradiogram showed
readily detectable quantities of a M, 30,000 protein present in
the supernatant but this was a minor percentage of the radio-

labeled M, 30,000 protein present in whole cells (data not

shown). Adherent and nonadherent cells were also collected
from macrophage preparations that had been cultured for 3
days. The electrophoretic patterns of both adherent (Fig. 4,
Lane C) and nonadherent (Fig. 4, Lane D) cells resembled that
of fresh macrophages, although the M, 30,000 protein was less
prominent. Preincubation of cells with 20 mM DFP for 10 min
at 23Â°Celiminated detectable protein 3H-labeling (data not

shown). Preincubation of cells with 3 mM PMSF for 10 min at
23Â°Celiminated nearly all detectable protein radiolabeling with
(3H]DFP (data not shown).

Immunoprecipitation. Further identification of the major sur
face-labeled proteins was attempted by immunoprecipitation
with antisera against specific proteins known to be synthesized
by macrophages. Radiolabeled proteins from alveolar macro
phages selectively labeled with 125Iat the cell surface using

lactoperoxidase were immunoprecipitated with antisera against
human fibronectin, factor B, C2, C3 (ÃŸ\\/ÃŸ\C),neutrophil
elastase, collagenase inhibitor, urokinase, and the macrophage
mannose-binding protein and analyzed by SDS-PAGE. The M,
183,000 protein wqs specifically immunoprecipitated by anti-
mannose-binding protein antiserum but not by the other anti-
sera (Fig. 5). None of the other major I25l-labeled proteins were

immunoprecipitated by the remaining antisera (data not
shown). Solubilized proteins from cells radiolabeled with [3H]-

DFP were immunoprecipitated with these same antisera, but
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Fig. 6. Mannose-Sepharose affinity chromatography of I2!l-labeled cell surface

proteins of human alveolar macrophages. Freshly lavaged alveolar macrophages
from smokers were radiolabeled. solubilized. and adsorbed to mannose-Sepharose
(Lane B). or control Sepharose (Lane C) as described in the text. Approximately
IO6 cpm of acid-insoluble '"I-labeled cell extract (Lane A) was used for each
adsorption reaction. Molecular weight markers were the same as in Fig. 1.

no radiolabeled proteins were detected in the immunoprecipi-
tates (data not shown).

To further characterize the identity of the M, 183,000 protein,
125I-labeled macrophage surface proteins were purified by affin

ity chromatography on immobilized mannose (38, 42). The M,
'Â°3,000 protein avidly and selectively bound to the mannose-

Sepharose but not to control Sepharose (Fig. 6).
Peptide Mapping. Because the disappearance of the \/,

183,000 protein following culture in vitro was accompanied by
a concomitant increase in quantity of the M, 80,000 protein
detectable, we questioned whether the M, 80,000 protein might
be derived from the higher molecular weight protein. Similarly,
we questioned whether the M, 70,000 surface protein of non-
adherent cells might be related to the M, 80,000 protein of
adherent cells. To determine whether the major surface-labeled
proteins were structurally related, we performed one-dimen
sional partial proteolysis mapping studies using five different
proteases. The radiolabeled surface proteins were separated by
SDS-PAGE. To ensure the purity of each polypeptide, a portion
of each of the four purified proteins was analyzed by electro-
phoresis in a second 10% polyacrylamide gel (Fig. 7 top). Using
the partial proteolytic mapping procedure described by Cleve
land (39), we compared the partial digests of the purified 125I-

66-
45-

29-

ABCD ABCD

0.1 1.0

V8 PROTEASE (pg/lane)

2.5 15.0

CHYMOTRYPSIN (pg/lane)

ABCD ABCD ABCD ABCD

66 -
45 -

29 -Hi1"it.
0.1 1.0 2.5 15.0

PAPAIN (jjg/lane) TRYPSIN (pg/lanel
Fig. 7. Peptide mapping. Alveolar macrophages were cultured in vitro for 3

days and the nonadherent cells were isolated; the nonadherent cells and freshlylavaged macrophages were radiolabeled with ' "'I at the cell surface using lacto-

peroxidase and analyzed by SDS-PAGE in a 10% polyacrylamide gel as described
in the text. Gel slices containing the M, 18.1.000 (Lane A), M, 80.000 (Lane B).
M, 70,000 (Lane C), and M, 30,000 (Lane D) proteins labeled with 1Z5Iwere
prepared. Partial proteolysis mapping with the indicated concentrations of elas-
tase l in/; I. 5. aureus V8 protease and chymotrypsin (middle), and papain and
trypsin (bottom) was performed as described in the text. Replicate gel slices of
the isolated proteins were also run on a 10% polyacrylamide gel in the absence
of protease to assess their purity (top).

labeled M, 30,000, 70,000, 80,000, and 183,000 proteins of
fresh and cultured alveolar macrophages by using five different
proteases, elastase, S. aureus V8 protease, chymotrypsin, pa-
pain, and trypsin (Fig. 7). Each of the proteases generated
different peptide patterns, and the peptide patterns of each of
the four purified proteins were quite distinct. The M, 183,000
protein was quite resistant to proteolysis; even at 25 ng of
trypsin per lane, no degradation of the M, 183,000 protein was
detected (not shown). Chymotrypsin and S. aureus V8 protease,
at 25 and 20 ^g/lane, respectively, did degrade the M, 183,000
protein, but the autoradiographs of these peptide maps (not
shown) revealed a broad streak of radioactivity similar to that
seen with 1.0 ^g/lane of papain (Fig. 7 bottom). Thus, these
results did not provide any evidence of a precursor-product
relationship between any of the four proteins. Identical partial
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proteolytic digest peptide patterns were obtained for purified
M, 80,000 proteins obtained from adherent, nonadherent, and
fresh cells (data not shown). Similarly, peptide-mapping pat
terns of purified M, 30,000 proteins from adherent, nonadher
ent, and fresh cells were also identical (data not shown).

Surface-labeled Proteins of Smokers' and Nonsmokers' Alveo

lar Macrophages. Since in vitro culture altered the surface
protein composition of alveolar macrophages, we questioned
whether such changes might occur in vivo. Surface proteins of
freshly lavaged alveolar macrophages from smokers and non-
smokers were labeled with I25Iby the lactoperoxidase technique
and analyzed by SDS-PAGE. The electrophoretic patterns of
the major I25l-labeled proteins of macrophages from nonsmok-
ers (Fig. 8, Lanes A-E) were readily distinguishable from those
obtained from smokers' cells (Fig. 8, Lanes F-J). While these

two cell populations shared some radiolabeled proteins in com
mon, there were marked differences in their relative intensities
within each cell type. The molecular weights of the major
labeled proteins of smokers' macrophages were 183,000,
80,000, and 30,000, whereas in nonsmokers' macrophages the

M, 183,000 protein predominated and the M, 30,000 protein
was not detected. The electrophoretic mobility of these proteins
was similar under reducing and nonreducing conditions (data
not shown). Autoradiograms of cells treated with DFP prior to
labeling were identical to those of cells not treated with DFP
(data not shown).

MrxlO"3
ABCDEFGHIJ

29-

Fig. 8. Polyacrylamide gel electrophoresis of '"I-labeled cell surface proteins

of human alveolar macrophages from smokers and nonsmokers. Freshly lavagedalveolar macrophages were surface labeled with '-"'I using lactoperoxidase and

analyzed by SDS-polyacrylamide gel electrophoresis under reducing conditions
and autoradiography as described in the text. Approximately 10' cpm of iridilo
roacetic acid-precipitable "'(-labeled cell extract from each sample was run on a
10% polyacrylamide gel. Lanes A-E, alveolar macrophages from nonsmokers;
Lanes F-J, alveolar macrophages from smokers. Molecular weight standards were
the same as in Fig. I. Identical results were obtained when cells were labelled
using glucose oxidase/lactoperoxidase by the method of Hubbard and Cohn (33).

MrxlO"3

ABC

200-

116-
97.4-

66-

45- -
29-

Fig. 9. Polyacrylamide gel electrophoresis of '"I-labeled cell surface proteins
of human nonsmokers' alveolar macrophages before and after incubation in vitro.

Freshly lavaged alveolar macrophages from nonsmokers were surface-labeled with
'"I and solubilized either immediately or after incubation, analyzed by electro

phoresis in a 10% polyacrylamide gel under reducing conditions, and visualized
by autoradiography as described in the text. Lane A, freshly lavaged cells (10!)
solubilized immediately after radiolabeling. Radiolabeled cells (10') were also
incubated in HBSS in a polypropylene tube for 30 min at 37Â°Cand separated

into supernatant (Lane B) and cellular (Lane C) fractions by centrifugaron prior
to solubilization and electrophoresis as described in the text. Three separate
experiments gave similar results. Molecular weight standards were the same as
in Fig. 1.

Since smokers' macrophages readily release the M, 30,000

and 80,000 surface proteins, we tested the ability of nonsmok
ers' macrophages to release surface proteins into the surround
ing medium. Freshly lavaged nonsmokers' macrophages were
surface labeled and then incubated for 30 min at 37Â°Cin HBSS.

Radiolabeled cells (Fig. 9, Lane A) release a M, 80,000 and a
less intense M, ~ 183,000 protein along with several less prom
inently labeled polypeptides into the supernatant during incu
bation (Fig. 9, Lane B). Identical results were obtained when
cells were incubated in PBS (data not shown). Surface labeling
by either technique resulted in less than a 10% loss of viability
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Cells Supernatant
Fig. 11. Polyacrylamide gel electrophoresis of proteins from smokers' and

nonsmokers' human alveolar macrophages affinity labeled with | 'I I|l )1 I'. Alveo
lar macrophages were radiolabeled with [JH]DFP immediately after preparation,

and the cells and the supernatant from the radiolabeling reaction were separated
and analyzed separately by SDS-PAGE under reducing conditions in a 10%
polyacrylamide gel and autoradiography as described in the text. Each lane
contains 0.5 x II)'1cells or 100 ii\ of supernatant from the radiolabeling reaction.
Lanes A-D, alveolar macrophages from smokers; Lanes E-F, alveolar macro
phages from nonsmokers. Molecular weight standards were the same as in Fig.
1.

29-

Fig. 10. Polyacrylamide gel electrophoresis of '"I-labeled cell surface proteins

of fresh and cultured human alveolar macrophages obtained from nonsmokers.
Alveolar macrophages from nonsmokers were cultured for 3 days and separated
into adherent and nonadherent fractions as described in the text. The cells werethen radiolabeled with '-"'I at the cell surface and analyzed by electrophoresis

under reducing conditions in a 10% polyacrylamide gel and autoradiography asdescribed in the text. Approximately 10*'cpm of trichloroacetic acid-insoluble
'"I-labeled extract was applied to each lane. Lane A, freshly lavaged cells; Lane
B, adherent cultured cells: Lane C, nonadherent cultured cells. Five separate
experiments gave similar results. Molecular weight standards were the same as
in Fig. 1.

as assessed by trypan blue dye exclusion. Cell viability was
unchanged by incubation in PBS or HBSS for 30 min at 37Â°C

as assessed by exclusion of trypan blue.
Changes in Nonsmokers' Alveolar Macrophage Membrane

Protein Composition with in Vitro Culture. Nonsmokers' alveo

lar macrophages were also cultured for various lengths of time
prior to surface labeling and analysis by SDS-PAGE. Adherent
and nonadherent cells were analyzed separately. The major
surface-labeled protein of freshly lavaged nonsmokers' macro

phages (Mr 183,000) was lost as the cells were cultured (Fig.
10). Concomitantly the M, 80,000 protein increased greatly in
intensity, while on adherent cells a M, 30,000 protein also

became more prominent (Fig. 10, Lane B); nonadherent cells
developed an additional prominently labeled protein with a
molecular weight of ~70,000 (Fig. 10, Lane C). A decrease in
the Mr 183,000 protein could be detected after as little as l h
in culture, while changes in the other proteins required a longer
time in culture. Thus the changes observed in the cell surface
proteins of cultured nonsmokers' macrophages were similar to
those observed in cultured smokers' macrophages. Adherent

cultured cells were >85% viable as assessed by trypan blue
exclusion; nonadherent cultured cells were >88% viable as
judged by this technique.

Esterase Radiolabeling of Smokers and Nonsmokers' Cells
with [3H]DFP. The electrophoretic patterns of radiolabeled
proteins from nonsmokers' alveolar macrophages labeled with
[3H]DFP (Fig. 11, Lanes E-F) were similar to those from
smokers' cells, although the M, 52,000 and M, 28,000-31,000
proteins were often less prominent in nonsmokers' cells. We

also examined the supernatants from the radiolabeling reaction
to test for release of labeled proteins. Both smokers and non-
smokers' cells released the M, 62,000 protein during labeling.
Smokers' macrophages released somewhat greater quantities of

a labeled M, 30,000 protein into the supernatant (Fig. 11, Lanes
A-D) than did nonsmokers' cells (Fig. 11, Lanes E-F). Prein-
cubation of cells with 20 mM DFP for 10 min at 23Â°Celiminated
protein 3H-radiolabeling, and similar pretreatment with 3

PMSF nearly eliminated radiolabeling (data not shown).

DISCUSSION

Smokers have a higher incidence of a variety of lung diseases
including lung cancer. Macrophages are important in defense
against both infectious and malignant processes, and some
studies suggest that activated phagocytes can induce malignant
transformation as well (43). A variety of morphological, func-
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tional, and physiological differences have been observed in
studies comparing smokers' and nonsmokers' alveolar macro

phages (1, 5, 6, 8-10, 13-20). Surface proteins of the cell
plasma membrane are believed to play an important role in
many functions of alveolar macrophages. The data here dem
onstrate striking differences in the surface protein composition
of the plasma membranes of alveolar macrophages from smok
ers as compared with those of nonsmokers using the techniques
of surface iodination and SDS-PAGE. A M, 183,000 protein
was the major surface-labeled protein of nonsmokers' alveolar

macrophages; no M, 30,000 protein was detected. In contrast,
smokers' alveolar macrophages contained a prominent surface-

labeled protein with a molecular weight of â€”30,000and the M,
183,000 protein was less prominent.

The M, 183,000 protein was specifically immunoprecipitated
by antiserum to the mannose-binding protein. The M, 183,000
protein also bound specifically to immobilized mannose sug
gesting this protein may be a mannose receptor. The mannose
receptor is an endocytic receptor that mediates uptake of lyso-
somal enzymes and other glycoproteins (40, 44-47). During
activation mannose receptor activity decreases while other ac
tivities, such as la activity, increase (48). Less mannose receptor
activity at the cell surface could result in higher concentrations
of extracellular lysosomal enzymes and greater tissue destruc
tion. A preliminary report (49) has found that the mannose
receptor on rabbit alveolar macrophages also has a molecular
weight of-180,000.

Affinity labeling of serine esterases with [3H]DFP identified
proteins with esterase activity ofâ€”30,000 in macrophages from
both smokers and nonsmokers. Smokers' cells labeled with
pHJDFP appeared to release more 3H-labeled M, 30,000 pro
tein into the supernatant than did similarly treated nonsmokers'
cells, suggesting increased protease release from smokers' mac

rophages. We were unable to thoroughly test the relationship
between the '"I-labeled M, 30,000 protein and the M, 30,000
protein identified with ['H]DFP labeling due to the lack of a

more specific probe. The differences we observed could be due
to differences in the presence, distribution, or accessibility of
membrane surface proteins susceptible to radioiodination. The
M, 183,000, 80,000, and 30,000 proteins all bound selectively
to concanavalin A- and lentil-lectin-linked Sepharose columns,
suggesting that they are glycoproteins (data not shown).

Alveolar macrophages grown in culture have been observed
to assume morphological and functional attributes of "acti
vated" macrophages (3, 20). It, therefore, seemed likely that

changes in alveolar macrophage structure and function induced
by culture might be reflected by changes in the surface protein
composition of the plasma membrane. Knowledge of changes
in cell surface protein composition during culture is also of
interest, because many studies of these cells involve in vitro
culture or an adherence step. Marked changes in the alveolar
macrophage polypeptides susceptible to 125Isurface labeling
occurred during culture of smokers' alveolar macrophages in

vitro. One of the three most prominently labeled proteins, a M,
183,000 polypeptide, was lost, whereas radiolabeling of the M,
80,000 polypeptide became more prominent as adherent mac
rophages were cultured.

Nonadherent cultured cells displayed similar changes as ad
herent cells, as well as the appearance of an additional A/r
70,000 polypeptide. Partial proteolysis mapping studies of each
of the purified M, 30,000,70,000,80,000, and 183,000 proteins
failed to demonstrate evidence of homology among any of the
proteins. The different labeling patterns of freshly lavaged,
adherent-cultured, and nonadherent-cultured cells may reflect

changes in membrane protein composition occurring during
differentiation as the cells adapt to culture in vitro. Alterna
tively, changes in the pattern of surface labeling may be the
result of topographic rearrangement of membrane proteins; i.e.,
the relative copy numbers of various membrane proteins may
not change, but changes in their distribution within the mem
brane may make them more or less accessible to labeling. Either
or both of these processes could contribute to our findings.

Interestingly, the A/r 80,000 and M, 30,000 polypeptides of
all macrophages studied, as well as the M, 70,000 polypeptide
of nonadherent cells, were released into serum-free medium
during incubation. Freshly lavaged alveolar macrophages were
washed to ensure that the labeled polypeptides observed were
tightly associated with the plasma membrane rather than ad
herent serum proteins. This conclusion was further supported
by experiments in which labeled cells were relabeled after being
incubated for 30 min in serum-free medium at 37Â°C;SDS-

PAGE of such samples showed that additional M, 80,000
protein was available for labeling. These findings contrast with
those observed in cultured murine L-cells where the predomi
nant fate of surface-iodinated membrane proteins was degra
dation to the level of amino acids (33). The release of the major
surface-labeled proteins into serum-free medium could be a
normal function of alveolar macrophages. Soluble protein fac
tors are known to be released by activated macrophages (2, 22,
50-53), and the release of radioiodinated membrane polypep
tides from elicited murine peritoneal macrophages has been
described (26, 27).

Studies of murine peritoneal macrophages obtained by peri
toneal lavage often utilize an adherence step (cells incubated in
Petri dishes in a culture medium for 30-60 min at 37Â°Cin 5%

CO2) to obtain macrophages free of dead and other nonadherent
cells (26). In addition, injection of an irritant into the peritoneal
cavity has often been used prior to lavage to elicit increased
numbers of macrophages for study. These adherence and elici-
tation steps have been shown to result in macrophages with
properties that vary according to the methods used and differ
from resident macrophages in structure and function (26, 28,
48, 51, 54-61). Our results show that marked changes in the
macrophage plasma membrane can occur during 30 min of
incubation in serum-free medium, including release of major
125I-labeled polypeptides from the membrane. Indeed, if adher

ent or nonadherent cultured alveolar macrophages were washed
three times at 23Â°Cafter radiolabeling, but before SDS-PAGE,
the pattern of visualized I25l-labeled proteins sometimes

changed dramatically. Often th_ M, 80,000 and M, 30,000
proteins appeared only as faint bands on the autoradiograph
and the M, 70,000 protein could no longer be detected (data
not shown). When fresh cells were similarly treated, the M,
80,000 and 30,000 proteins also appeared only as faint bands
on the autoradiograph, yielding a very different pattern of
labeled proteins. These findings are in contrast to observations
of L-cells, where surface-iodinated proteins were lost from the
cells much more slowly, and where gel-labeling patterns from
cells cultured up to 48 h after iodination revealed no change in
the relative distribution of radioactivity. In addition, changes
in the surface-labeling pattern of macrophage proteins could be
detected after only 30 min of adherence. We conclude that the
surface proteins of the alveolar macrophage plasma membrane
are in a very dynamic state.

The differences in morphological, functional, and physiolog
ical parameters noted in smokers' alveolar macrophages suggest

that they may be in a chronically stimulated or more active
state (15). Studies of smoking rats also indicate that a state of
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nonspecific activation exists in smokers' alveolar macrophages

(12). Similarly, data have been obtained which suggest that
alveolar macrophages gain increased functional capacity as a
result of being maintained in cell culture (3, 20). These consid
erations coupled with the observation that dramatic changes in
surface proteins identified by I25l-Iabeling occur when smokers'

alveolar macrophages are cultured led us to assess the changes
in surface-labeled proteins occurring with culture of alveolar
macrophages from nonsmokers. Striking changes in the pro
teins accessible to radiolabeling at the cell surface with 125Iby
the lactoperoxidase technique occurred when nonsmokers' al

veolar macrophages were cultured in vitro. The changes ob
served were similar to those seen in cultured smokers' macro
phages. The major '"I-labeled protein (M, 183,000) disap

peared, mimicking the behavior of the M, \ 83,000 protein on
smokers' macrophages. Both smokers' and nonsmokers' mac

rophages showed marked increases in the M, 80,000 protein,
and nonadherent cells acquired an additional M, 70,000 protein.
Furthermore, adherent cultured nonsmokers' cells developed
an increase in the M, 30,000 protein present in smokers' cells.

Since SDS-PAGE autoradiograms of freshly labeled nonsmok
ers' macrophages revealed a more prominent M, 183,000 band

and less prominent M, 80,000 and 30,000 bands, the changes
occurring with cultures of nonsmokers' cells appeared more
striking than those occurring with smokers' cells. As a result of

these changes, the autoradiographic pattern of surface-labeled
proteins derived from cultured nonsmokers' alveolar macro

phages appeared more similar to autoradiograms of fresh or
cultured smokers' macrophages than those of freshly lavaged
nonsmokers' cells. "Activation" of alveolar macrophages,

whether by tobacco smoke in vivo or residence in culture in
vitro, produced similar changes in the surface protein compo
sition of the plasma membrane as detected by lactoperoxidase-
catalyzed I25l-labeling and SDS-polyacrylamide gel electropho-

resis. These changes in membrane protein composition may
play a part in the altered functional capabilities of the alveolar
macrophage and may be mechanistically important in the de
velopment of various pulmonary diseases often seen in smokers,
including cancer.

An increasing number of monoclonal antibodies are being
generated against mononuclear phagocytes, but few have been
tested for reactivity against alveolar macrophages, and seldom
has the specific antigen been characterized (62-65). Some an
tibodies detect antigens that change in density when the cell is
cultured or elicited with certain agents. For example, the 25F9
monoclonal antibody detects a M, 86,000 antigen and reacts
with alveolar macrophages and cultured, but not freshly iso
lated, peripheral blood monocytes (66). Expression of the 25F9
antigen on macrophages increases with culture time. Monoclo
nal antibodies that define the Mac-2 antigen immunoprecipitate
a M, 32,000 surface protein from murine macrophages; inter
estingly, thioglycollate-elicited murine peritoneal macrophages
synthesize 10- to 30-fold more Mac-2 than peritoneal macro
phages elicited by other agents (67). The Mo 3 antigen, identi
fied on human mononuclear phagocytes, increases in density
on the cell surface during culture of monocytes in vitro (68).
The reactivity of these antibodies with alveolar macrophages is
unknown. Yin et al. (26) have reported an increase in surface
factor B on elicited murine peritoneal macrophages. Antibodies
to factor B, C2, C3, collagenase inhibitor, neutrophil elastase,
urokinase, and fibronectin did not immunoprecipitate the major
labeled proteins discussed here.

In summary, the plasma membrane plays an important role
in macrophage function. The current studies identify the major

surface proteins susceptible to surface iodination, including a
mannose receptor, and further establish that the alveolar mac
rophage cell surface proteins are in a state of constant flux and
are profoundly influenced by methods of cell preparation and
culture, as well as in vivo by cigarette smoking. Monoclonal
antibodies to the cell surface proteins described here might be
useful in elucidating their role in macrophage function.

ACKNOWLEDGMENTS

We thank Dr. Greg Elliot for assistance in obtaining macrophages;
Drs. George Strickland and Phillip Stone for providing antisera; Dr.
Virginia Shepard for providing antiserum and reviewing the manu
script; Drs. Amy Skubitz, Daniel Kiehart, and William Hrushesky for
helpful discussion and review of the manuscript; Robert Snook and
Tamera Linton for technical assistance; Dagmar Kamprud for editing
the manuscript; and Janice Johnson and Michon Berg for preparing
the manuscript.

REFERENCES

1. Hocking, W. G., and Golde. D. W. The pulmonary-alveolar macrophage. N.
Engl. J. Med., 301: 580-587, 1979.

2. Hocking, W. G., and Golde, D. W. The pulmonary-alveolar macrophage. N.
Engl. J. Med., 301:639-645, 1979.

3. Hunninghake, G. W., Gadek, J. E., Szapiel, S. V., Strumpf, I. J., Kawanami,
O., Ferrans, V. J., Keogh. B. A., and Crystal, R. G. The human alveolar
macrophage. Methods Cell Biol., 2IA: 95-112, 1980.

4. Crystal, R. G., Bitterman, P. B., Rennard. S. I., Hance, A. J., and Keogh, B.
A. Interstitial lung diseases of unknown cause. N. Engl. J. Med., 310: 235-
244, 1984.

5. Hoidal, J. R., Fox, R. B., LeMarbe, P. A., Perri, R., and Repine, J. E. Altered
oxidative metabolic responses in vitro of alveolar macrophages from asymp
tomatic cigarette smokers. Am. Rev. Respir. Dis., 123:85-89, 1981.

6. Hoidal, J. R., and Niewoehner, D. E. Lung phagocyte recruitment and
metabolic alterations induced by cigarette smoke in humans and in hamsters.
Am. Rev. Respir. Dis., 126: 548-552, 1982.

7. Davis. G. S., Brody, A. R.. and Adler. K. B. Changes in the surface mor
phology of human alveolar macrophages induced by tobacco and marijuana
smoking. Exp. Lung Res., /: 281-297, 1980.

8. Martin, R. R. Altered morphology and increased acid hydrolase content of
pulmonary macrophages from cigarette smokers. Am. Rev. Respir. Dis., 707:
596-601, 1973.

9. u un. G. A., and Martin, R. R. /// vitro migration of human alveolar
macrophages; effects of cigarette smoking. Infect. Immun., .V:222-227,1973.

10. Cantrell, E. T., Wair, G. A., Busbee. D. L.. and Martin, R. R. Induction of
aryl hydrocarbon hydroxylase in human pulmonary alveolar macrophages by
cigarette smoking. J. Clin. Invest.. 52: 1881-1884, 1973.

11. Ruff, M. R., and Pert, C. B. Small cell carcinoma of the lung: macrophage-
specific antigens suggest hemopoietic stem cell origin. Science (Wash. DC),
225:1034-1036, 1984.

12. Drath, D. B., Harper. A., Gharibian. J., Karnovsky, M. L., and Huber, G. L.
The effect of tobacco smoke on the metabolism and function of rat alveolar
macrophages. J. Cell. Physiol., 95: 105-114, 1978.

13. Fisher, G. L., McNeill, K. L.. Finch, G. L., Wilson, F. D.. and Golde. D. W.
Functional evaluation of lung macrophages from cigarette smokers and
nonsmokers. J. Reticuloendothel. Soc., 32: 311-321, 1982.

14. Greening, A. P..and Lowrie, D. B. Extracellular release of hydrogen peroxide
by human alveolar macrophages: the relationship to cigarette smoking and
lower respiratory tract infections. Clin. Sci., 65: 661-664, 1983.

15. Harris, J. O., Swenson, E. W., and Johnson, J. E., III. Human alveolar
macrophages: comparison of phagocytic ability, glucose utilization, and
ultrastructure in smokers and nonsmokers. J. Clin. Invest., 49: 2089-2096.
1970.

16. Mann, P. E. G., Cohen, A. B., Finley. T. N., and Ladman, A. J. Alveolar
macrophages: structural and functional differences between nonsmokers and
smokers of marijuana and tobacco. Lab. Invest.. 25: 111-120, 1971.

17. Rasp, F. L., Clawson, C. C, Hoidal, J. R., and Repine, J. E. Reversible
impairment of the adherence of alveolar macrophages from cigarette smok
ers. Am. Rev. Respir. Dis., II8:979-986, 1978.

18. Richards, S. W., Peterson. P. K., Verbrugh, H. A., Nelson, R. D., Ham-
merschmidt. D. E., and Hoidal, J. R. Chemotactic and phagocytic responses
of human alveolar macrophages to activated complement components. Infect.
Immun., 43: 775-778, 1984.

19. Rodriguez, R. J., White, R. R., Senior, R. M., and Levine, E. A. Elastase
release from human alveolar macrophages: comparison between smokers and
nonsmokers. Science (Wash. DC), 198: 313-314, 1977.

20. Cohen, A. B., and Cline, M. J. The human alveolar macrophage: isolation,
cultivation in vitro, and studies of morphologic and functional characteristics.
J. Clin. Invest., 50: 1390-1398, 1971.

21. Howard, F. D., Petty, H. R., and McConnell, H. M. Identification of

3081

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/12/3072/2427823/cr0470123072.pdf by guest on 19 M

ay 2023



SMOKING-INDUCED CHANGES IN MACROPHAGE SURFACE PROTEINS

phagocytosis-associated surface proteins of macrophages by two-dimensional
gel electrophoresis. J. Cell Biol., 92: 283-288, 1982.

22. Kurt-Jones, E. A., Belter, D. I., Mizel, S. B., and Uanaue, E. R. Identification
of a membrane-associated interleukin 1 in macrophages. Proc. Nati. Acad.
Sci. USA, 82:1204-1208. 1985.

23. Mellman. I. S., Plumer, H., Steinman, R. M., Unkeless, J. C., and Cohn. Z.
A. Internalizaron and degradation of macrophage Fc receptors during recep
tor-mediated phagocytosis. J. Cell Biol., 96: 887-895, 1983.

24. Muller, W. A., Steinman, R. M., and Cohn, Z. A. Membrane proteins of the
vacuolar system. III. Further studies on the composition and recycling of
endocytic vacuole membrane in cultured macrophages. J. Cell Biol., 96: 29-
36, 1983.

25. Welgus, H. G., Campbell, E. J., Bar-Shavit. Z., Senior, R. M., and Teitel-
baum, S. L. Human alveolar macrophages produce a fibroblast-like collagen-
ase and collagenase inhibitor. J. Clin. Invest., 76: 219-224, 1985.

26. Yin, H. L.. Aley, S., Bianco, < .. and Cohn. Z. A. Plasma membrane
polypeptides of resident and activated mouse peritoneal macrophages. Proc.
Nati. Acad. Sci. USA, 77: 2218-2191, 1980.

27. Yin, H. L., Aley, S., Bianco, C., and Cohn, Z. A. The iodination and turnover
of macrophage plasma membrane polypeptides. In: R. van Furth, (ed.),
Mononuclear Phagocytes: Functional Aspects, pp. 649-662. The Hague: M.
Nijhoff, Publishers. 1980.

28. Lee, K. C. On the origin and mode of action of functionally distinct macro
phage subpopulations. Mol. Cell. Biochem., 30: 39-55, 1980.

29. Nelson, D. A., and Davey, F. R. Leukocyte esterases. In: W. J. Williams
(ed.), Hematology, Ed. 3, pp. 1651-1654. New York: McGraw-Hill Book
Co., 1983.

30. Boyum. A. Isolation of mononuclear cells and granulocytes from blood.
Isolation of mononuclear cells by one centrifugation, and of granulocytes by
combining centrifugation and sedimentation at 1 g. Scand. J. Clin. Lab.
Invest., 21 (Sappi 97): 77-89, 1968.

31. Craddock, P. R., Hammerschmidt, D. E., White, J. G., Dalmasso, A. P.. and
Jacob. H. S. Complement(C5a)-induced granulocyte aggregation in vitro: a
possible mechanism of complement-mediated leukostasis and leukopenia. J.
Clin. Invest., 60: 260-264, 1977.

32. Skubitz, K M., Zhen, VS.. and August, J. T. A human granulocyte-specific
antigen characterized by use of monoclonal antibodies. Blood, 61: 19-26,
1983.

33. Hubbard, A. L., and Cohn, Z. A. Externally disposed plasma membrane
proteins: metabolic fate of iodinated polypeptides of mouse L cells. J. Cell
Biol., 64:461-479, 1975.

34. Amrein, P. C., and Stossel, T. P. Prevention of degradation of human
polymorphonuclear leukocyte proteins by diisopropyl fluorophosphate.
Blood, 56:442-447, 1980.

35. Heck, L. W.. Remold-O'Donnell. E., and Remold, H. G. DFP-sensitive

polypeptides of the guinea pig peritoneal macrophage. Biochem. Biophys.
Res. Commun., 83: 1576-1583, 1978.

36. Pasternack. M. S., and Eisen, H. N. A novel serine esterase expressed by
cytotoxic T lymphocytes. Nature (Lond.), 314: 743-745, 1985.

37. Laemmli, U. K. Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature (Lond.), 227:680-685, 1970.

38. Kawasaki, N., Kawasaki. T., and Yamashina, I. Isolation and characterization
of a mannose-binding protein from human serum. J. Biochem. (Tokyo), 94:
937-947, 1983.

39. Cleveland, D. W. Peptide mapping by limited proteolysis in sodium dodecyl-
sulfate and analysis by gel electrophoresis. J. Biol. (hem.. 252:1102-1106.
1977.

40. Dimeni, S., and Stahl, P. Macrophage endosomes contain proteases which
degrade endocytosed protein ligands. J. Biol. Chem., 26*: 15311-15317,
1985.

41. Campbell, E. J. Human leukocyte elastase, cathepsin G, and lactoferrin:
family of neutrophil granule glycoproteins that bind to an alveolar macro
phage receptor. Proc. Nati. Acad. Sci. USA, 79:6941-6945, 1982.

42. Hoflack, B., and Kornfeld, S. Lysosomal enzyme binding to mouse P388D,
macrophage membranes lacking the 215-kDa mannose 6-phosphate receptor;
evidence for the existence of a second mannose 6-phosphate receptor. Proc.
Nati. Acad. Sci. USA, 82:4428-4432, 1985.

43. Weitzman, S. A., Weitberg. A. B., Clark, E. P., and Stossel, T. P. Phagocytes
as carcinogens: malignant transformation produced by human neutrophils.
Science (Wash. DC), 227:1231-1233, 1985.

44. Shepherd. V., Schlesinger, P., and Stahl, P. Receptors for lysosomal enzymes
and glycoproteins. Curr. Top. Membr. Transp., 18: 317-338, 1983.

45. Shepherd, V. L., Campbell, E. J., Senior, R. M., and Stahl, P. D. Character

ization of the mannose/fucose receptor on human mononuclear phagocytes.
J. Reticuioendothel. Soc., 32:423-431, 1982.

46. Stahl, P., Schlesinger, P. H., Sigardson, E., Rodman, J. S., and Lee, Y. C.
Receptor-mediated pinocytosis of mannose glycoconjugates by macrophages:
characterization and evidence for receptor recycling. Cell, 19:207-215,1980.

47. Tietze, C., Schlesinger, P., and Stahl, P. Mannose-specific endocytosis recep
tor of alveolar macrophages: demonstration of two functionally distinct
intracellular pools of receptor and their roles in receptor recycling. J. Cell
Biol., 92:417-424, 1982.

48. Ezekowitz, R. A. B., Austyn, J., Stahl, P. D., and Gordon, S. Surface
properties of Bacillus Calmette-GuÃ©rin-activated mouse macrophages: re
duced expression of mannose-specific endocytosis, Fc receptors, and antigen
F4/80 accompanies induction of la. J. Exp. Med., 154: 60-76, 1981.

49. Haltiwanger, R. S., and Hill, R. L. Isolation and characterization of rat
alveolar macrophage. Fed. Proc., 44: 1435, 1985.

50. Johnson, W. J., Somers, S. D., and Adams, D. O. Expression and develop
ment of macrophage activation for tumor cytotoxicity. Contemp. Top. Im
munobiol., 13:127-146, 1984.

51. Kastello, M. D., and Canonico, P. G. Macrophage biochemistry, activation
and function. ///â€¢M. C. Powanda and P. G. Canonico (eds.). Infection: The
Physiologic and Metabolic Responses of the Host, pp. 31-54. Amsterdam:
Elsevier/North-Holland Biomedicai Press. 1981.

52. Knil. F. C., Jr., and Cuatrecasas, P. Necrosin: purification and properties of
a cytotoxin derived from a murine macrophage-like cell line. Proc. Nati.
Acad. Sci. USA, 81: 7932-7936, 1984.

53. Wewers, M. D., Rennard, S. I., Hance, A. J., Bitterman, P. B., and Crystal,
R. G. Normal human alveolar macrophages obtained by bronchoalveolar
lavage have a limited capacity to release interleukin-1. J. Clin. Invest., 74:
2208-2218, 1984.

54. Berton, G., and Gordon, S. Superoxide release by peritoneal and bone
marrow-derived mouse macrophages. Modulation by adherence and cell
activation. Immunology, 49:693-704, 1983.

55. Ezekowitz, R. A. B., Bampton, M., and Gordon, S. Macrophage activation
selectively enhances expression of Fc receptors for IgG2.. J. Exp. Med., /57:
807-812, 1983.

56. Ezekowitz, R. A. B., and Gordon, S. Down-regulation of mannosyl receptor-
mediated endocytosis and antigen F4/80 in Bacillus Calmelte-GuÃ©rin-iÃcÃ¼-
vated mouse macrophages. J. Exp. Med., 155: 1623-1637, 1982.

57. Ezekowitz, R. A. B., and Gordon, S. Alterations of surface properties by
macrophage activation: expression of receptors for Fc and mannose-terminal
glycoproteins and differentiation antigens. Contemp. Top. Immunobiol., 13:
33-56, 1984.

58. Griffin, F. M., Jr. Activation of macrophage complement receptors for
phagocytosis. Contemp. Top. Immunobiol. 13: 57-69, 1984.

59. Leffingwell, C. M., and Low, R. B. Protein biosynthesis by the pulmonary'
alveolar macrophage. Am. Rev. Respir. Dis., 112: 349-359, 1975.

60. Morahan, P. S., Edelson, P. J., and Gass. K. Changes in macrophage
ectoenzymes associated with anti-tumor activity. J. Immunol., /25: 1312-
1317, 1980.

61. Pearlstein, E., Dienstman, S. R., and Defendi. V. Menti IVai inn of macro
phage external membrane proteins and their possible role in cell adhesion.
J. Cell Biol., 79: 263-267, 1978.

62. Mason, R., Austyn, J., Brodsky, F., and Gordon, S. Monoclonal antimacro-
phage antibodies: human pulmonary macrophages express HLA-DR (la-like)
antigens in culture. Am. Rev. Respir. Dis.. /25: 586-593, 1982.

63. Nunez, G., Ugolini, V., Capra, J. D., and Stastny, P. Monoclonal antibodies
against human monocytes. II. Recognition of two distinct cell surface mole
cules. Scand. J. Immunol., 16: 515-523, 1982.

64. Springer, T. A., and Unkeless, J. C. Analysis of macrophage differentiation
and function with monoclonal antibodies. Contemp. Top. Immunobiol., 13:
1-31, 1984.

65. Van Voorhis, W. C., Steinman, R. M., Hair. L. S., Luban. J., Witmer, M.
D., Koide, S., and Cohn, Z. A. Specific antimononuclear phagocyte mono
clonal antibodies. J. Exp. Med., 158: 126-145, 1983.

66. Zwadlo, G., Brocker, E. B., von Bassewitz, D. B., Feige, U., and Sorg, C. A
monoclonal antibody to a differentiation antigen present on mature human
macrophages and absent from monocytes. J. Immunol., 134: 1487-1492,
1985.

67. Ho, M. K., and Springer. T. A. M AC-2, a novel 32,000 M, mouse macrophage
subpopulation-specifÃc antigen defined by monoclonal antibodies. J. Immu
nol., 128: 1221-1228, 1982.

68. Todd, R. F., Ill, and Schlossman, S. F. Analysis of antigenic determinants
on human monocytes and macrophages. Blood, 59: 775-786, 1982.

3082

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/47/12/3072/2427823/cr0470123072.pdf by guest on 19 M

ay 2023




